Multiferroic materials exhibit magnetoelectric (ME) coupling and promise new device applications including magnetic sensors, generators, and filters. An effective method for developing ME materials with enhanced ME effect is achieved by the coupling through the interfacial strain between piezoelectric and magnetostrictive materials. In this study, the electrical and magnetic properties of Ga doped magnetoelectric CoGa x Fe 2Àx O 4 /BaTiO 3 composite are studied systematically. It is found that Ga doping improves the sensitivity of magnetoelastic response and stabilizes the magnetic phase of the composites. More importantly, Ga doping reduces the electrical conductivity of composite, as well as the dielectric loss. An enhancement of the electrostrain with doping Ga is also observed. Quantitative estimation indicates that magnetoelectric coupling is enhanced for Ga-doped CoGa x Fe 2Àx O 4 /BaTiO 3 composites. Thus, the present work is beneficial to the practical application of composite CoFe 2 O 4 /BaTiO 3 -based multiferroic materials. V C 2015 AIP Publishing LLC.
Multiferroic materials exhibit magnetoelectric (ME) coupling and promise new device applications including magnetic sensors, generators, and filters. An effective method for developing ME materials with enhanced ME effect is achieved by the coupling through the interfacial strain between piezoelectric and magnetostrictive materials. In this study, the electrical and magnetic properties of Ga doped magnetoelectric CoGa x Fe 2Àx O 4 /BaTiO 3 composite are studied systematically. It is found that Ga doping improves the sensitivity of magnetoelastic response and stabilizes the magnetic phase of the composites. More importantly, Ga doping reduces the electrical conductivity of composite, as well as the dielectric loss. An enhancement of the electrostrain with doping Ga is also observed. Quantitative estimation indicates that magnetoelectric coupling is enhanced for Ga Multifunctional devices based on magnetoelectric (ME) phenomenon require the coexistence of ferroelectricity and ferromagnetism, in addition to a strong coupling between the two ferroic orders. 1 The ferroelectric/ferromagnetic composites enable the development of ME materials with enhanced ME effect. This can be achieved by indirect coupling through the interfacial strain between the ferroelectric and ferromagnetic materials. [1] [2] [3] [4] [5] Such strain mediated ME effect can be used to generate electric polarization in the ferroelectric component of the composite due to applied magnetic field or magnetization in the ferromagnetic component due to applied electric field. The property tensor dE/dH can be given by the product of the proportionality tensor of the phases 6
where a ij is defined as linear magnetoelectric coefficient, dk/dH is the magnetostriction derivative, and dE/dk is the change in the electric field with strain. Because the ME effect in composites is extrinsic, it depends on the microstructure of the composite and the strain mediated coupling across the interface of the ferromagnetic-ferroelectric components. Studies have been done involving combinations of different magnetostrictive and piezoelectric materials such as variety of ferrites and titanites. [7] [8] [9] [10] [11] [12] [13] The inevitable drawback in this application is the leakage current due to the low resistivity of the ferromagnetic phase. 9 Therefore, it is required to develop alternative magnetoelectric materials with low leakage current. In this study, the results of an investigation on composites of Ga-substituted cobalt ferrite (CoGa x Fe 2Àx O 4 ) and BaTiO 3 (BT) are presented which also shows potentials for lower leakage current. To ensure homogenous mixture, the chemicals were milled for 6 h, calcined twice in the air at 1273 K for 4 h, and sintered at 1473 K for 6 h. The sintered pellets were of 15 mm diameter.
II. EXPERIMENT
To study the crystal structure and purity of the composite samples, room temperature X-ray diffraction (XRD) was performed using Cu K a radiation. The microstructure and composition of the samples were studied by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS), respectively. Fractured sample surfaces were used for the SEM analysis. Magnetic properties were studied in a vibrating sample magnetometer (VSM) with maximum applied magnetic field of 4 kOe. Magnetostriction was measured, in an electromagnet, with magnetic field applied in the direction of strain measurement using strain gauges attached to the samples. Ferroelectric workstation was used to measure the polarization as a function of the electric field and electric field induced strain. Similar observation was previously reported that Ga 3þ has Asite preference. 14, 15 Such may also results in cobalt ions being displaced into the B-sites. Since the net magnetic moment in spinel ferrites is obtained by m ¼ P m BÀsites À P m AÀsites , substituting for Fe 3þ on the A-sites and displacing more Co 2þ into the B-sites would increase magnetic moment. P m BÀsites and P m AÀsites represent the net magnetic moment of the B-sites and A-sites cations, respectively. The slight decrease at x ¼ 0.3 may indicate the onset of some Ga ions being substituted into the B-sites as its concentration increases.
The remnant magnetization M r [Fig. 2(c) ] and coercive field (Hc) in Fig. 2(d) initially increase from x ¼ 0 to x ¼ 0.1 but afterwards decreases. This may be a consequence of changes in magnetocrystalline anisotropy due to Ga 3þ in the spinel phase and grain size. 16, 17 It is known that the magnetization process includes both domain wall motion and domain rotation. The small grains tend to result in low density of domain walls. Therefore, the domain rotation becomes dominant factor during magnetization rather than the domain wall motion. Since the domain rotation consumes more energy than the domain wall motion, the coercive field (Hc) increases. The trend observed here has been reported for both coercive field and magnetocrystalline anisotropy in Znsubstituted CoFe 2 O 4 . 18 In Fig. 3(a) , similar trend in magnetostriction as a function of applied magnetic field is obtained for all composites. Generally, magnetostriction decreases in the Ga-containing composites, indicating the effect of Ga-substitution on the magnetostrictive properties of spinel cobalt ferrite phase. This decrease is related to the weakening of the exchange coupling with substitution of non-magnetic Ga 3þ which would affect magnetostriction. A similar observation was reported in magnetostrictive properties of Ga-substituted cobalt ferrite at 300 K. 14 The strain derivative (dk/dH) in Fig. 3(b) is an important parameter which demonstrates the sensitivity of magnetoelastic response to an external field. The maximum strain derivative (dk/dH) max in Fig. 3(c) shows an increase with Ga concentration in CoGa x Fe 2Àx O 4 /BaTiO 3 composite. The highest (dk/dH) max value is found at x ¼ 0.3 in this study, which is higher than the previous reported pure CoFe 2 O 4 15 as well as some other ME composites. 19 This high strain derivative indicates possible improvement of the ME effect in CFO/BT composite.
The ferroelectric properties of the composites are shown in Fig. 4 . The polarization vs. electric field (P-E) loops obtained at room temperature are shown in Fig. 4(a) . It can be seen that there is no saturation polarization as typically seen in P-E loops of pure BaTiO 3 . This indicates that electrical conductivity increases with increasing the electric field, i.e., the existence of leakage current. However, the electric hysteresis loops become slanted and less coercive with increasing Ga concentration in the composites, suggesting the decrease of leakage current with Ga doping. Both the remnant polarization (P r ) and coercive field (E c ) get smaller as Ga concentration increases in the (CoGaxFe 2Àx O 4 )/ BaTiO 3 composite, as shown in Fig. 4(b) . This indicates a deviation from a typical ferroelectric behavior of BT when coupled to the CFO phase. This deviation in the long range order behavior of electric dipoles is due to the ferrite particles with a spinel structure being incorporated into BaTiO 3 perovskite structure. The improvement of the leakage current could also be observed from the plot of the loss tangent (tan d) as a function of temperature shown in Fig. 4(c) . The loss tangent of the composites was measured at 10 kHz. It can be seen that the tan d value is lower in Ga0.3CFO/BT than CFO/BT at all temperatures and is about one-half less at 160 C. It is likely that the increase in Ga concentration in the composites reduces defects such as oxygen vacancies in the BaTiO 3 ferroelectric phase, which is responsible for the decrease in electrical conductivity as Ga content increases. The unipolar electric-field-induced strain S(E) curves of the composite are shown in Fig. 4(d) . It can be found that the electrostrain of (CoGaxFe 2Àx O 4 )/BaTiO 3 with x ¼ 0.3 is higher than that of x ¼ 0.2. Moreover, the normalized strain d Ã 33 can be calculated from the S(E) curve by S max /E max ratio in the unipolar strain curve. The highest d Ã 33 is about 514 pm V À1 in present study when x ¼ 0.3. As a result, the electrostrain of the composites also improves with Ga doping.
Considering the product of the proportionality tensor of the phases described in Introduction, Van 20 The ME voltage coefficient of the composite given by this model is
We used the sample with x ¼ 0.3 (Ga 0.3 CFO/BT), in which we had the maximum optimization, to estimate the coefficient. From the magnetostrictive derivative ( Fig. 3) and electric field-induced strain curve (Fig. 4) , we can get ðdk=dHÞ Ga0:3CFO ¼ 2:6 Â 10 À9 m=A and ðdE=dkÞ BT ¼ 1:95 V=pm. Using 0.5 volume fraction of BT and considering the uniform distribution of the phases as previously shown in Fig. 1 , we can obtain the ME voltage coefficient of a ¼ 1.26 (m/A)(V/m), which is larger than previous reported value for CFO/BT a ¼ 1.19 (m/A)(V/m). 6 Therefore, this work demonstrates that by doping Ga in (CoGa x Fe 2Àx O 4 )/ BaTiO 3 , both magnetostriction sensitivity and electrostrain increase, indicating enhanced magnetoelectric performance for practical applications.
IV. CONCLUSION
In this work, systematically studies on the ferroelectric and ferromagnetic properties of (CoGa x Fe 2Àx O 4 )/BaTiO 3 (x ¼ 0.1, 0.2, 0.3) magnetoelectric bulk composites are presented. The results indicate a coupling effect of the ferroelectric and ferromagnetic phases. Although the magnetostriction decreases in amplitude with Ga concentration, the maximum strain derivative increases. The maximum strain derivative is obtained for Ga0.3CFO/BT. Moreover, the magnetostriction plots show clear indication of interaction between both phases. Also, Gasubstitution into the composite both suppresses electrical conductivity and improves the normalized strain d Ã 33 . Through model estimation, the Ga 0.3 CFO/BT composite shows larger ME voltage coefficient than CFO/BT implying magnetoelectric coupling is enhanced after doping Ga. These results offer new insight into the ability of improving the response of magnetostrictive and controlling electrical conductivity in the CFO/BT multiferroic composite.
